The use of a single criterion in the selection of the most suitable hybrid renewable energy system (HRES) has been reported to be inadequate in terms of sustainability. In order to fill this gap, this study presents a multi-criteria approach for the selection of HRES for a typical low-income household. The analysis is based on two energy demand scenarios viz: consumer demand based on energy efficient equipment (EET) and consumer energy demand without energy efficiency. The optimization of the HRES is performed using hybrid optimization of multiple energy renewables (HOMER) while the multi-criteria analysis is carried out using Criteria Importance Through Intercriteria Correlation (CRITIC) and the Technique for Order of Preference by Similarity to the Ideal Solution (TOPSIS). Results show that the optimal HRES alternative returned based on both energy demand scenarios is a PV/GEN/BAT system. The analysis further shows that a reduction of 44.6% in energy demand through EET leads to: 51.38% decrease in total net present cost, 11.90% decrease in cost of energy, 96.61% decrease in CO 2 emission and 193.94% increase in renewable fraction. Furthermore, the use of multi-criteria approach for HRES selection has an influence in the selection and ranking of the most suitable HRES alternatives. Overall, the application of EETs is environmentally and economically beneficial while the application of MCDM can help decision makers make a comprehensively informed decision on the selection of the most suitable HRES.
Introduction
Adequate access to electricity has been identified as a foremost tool that can aid the development and growth of urban, semi-urban and rural communities [1] . This is because electricity acts as an initiation tool, employer and driver of products and services [2] . Reliable access to electricity forms the basis for many daily operations in businesses, households, production lines, services etc. In order to ensure reliable electricity, one of the sustainable developmental goals (SDGs) advocates for a low-cost, sustainable and reliable access to electrification across all societal class [3] . This is expected to reduce poverty rates and at the same time improve the standard of living across the world. As a way of increasing the electrification rates, utility grids are usually extended to areas without electricity access or through decentralized generation in areas that are not grid-viable. In many developing countries (especially sub-Sahara Africa), the challenge spans beyond extension of grid or decentralized generation as a lot of areas with utility grid or distributed generations do not have adequate and reliable access to electricity [4] . Many consumers experience blackouts for days. This particularly is due to deficits in the level of electricity generation.
In order to meet their basic electricity demands, many consumers have turned to the use of personal captive gasoline/diesel powered electricity generators [5] . This, however, comes at an extra cost and associated challenges. Some of these challenges include: incessant increase in fuel pump price, irregular pump price across geographical zones, and occasional scarcity of fuel. Others include: hazards associated in storing fuel products, adulteration of fuel products, health hazards associated with exhaust fumes and some other environmental hazards responsible for climate change. The majority of grid-connected power plants are also powered by conventional sources (fossil fuels). As a result, electricity generation accounts for majority (42%) of the CO 2 emission worldwide [6] . Apart from the aforementioned challenges, there is a growing concern with regard to the depletion of conventional sources of energy sources and its sustainability [2] .
In combating the challenges associated with global warming (caused by the use of fossil fuel) and depletion of fossil fuel reserves, several environmental policies that encourages the decarbonization of electricity generation has been put in place at international, regional and national levels. One of such policies is the Paris Agreement which proposes to 'to keep the increase in global average temperature to well below 2 • C above pre-industrial levels; and to limit the increase to 1.5 • C' [7] . Some of the strategies and tools proposed to aid decarbonization include adoption of renewable energy for powering homes and industries, energy efficiency measures (retrofitting and energy conservation), carbon capture and storage, demand response, clean coal technologies, carbon tax, feed-in-tariffs, emission and trading schemes etc. Out of these strategies, the most prominent approaches used at the demand side are the adoption of renewable energy technologies and energy efficiency. Renewable energy, which is used as an alternative for electricity generation, has been the focus of many researches in recent times [4, [8] [9] [10] [11] [12] . Most of these studies concluded that the use of hybrid renewable energy system is more efficient and reliable as compared to a single source [4, [8] [9] [10] . Hybrid energy systems eliminate the problem associated with intermittency of renewable energy sources-such as solar and wind-which has been ascertained to be both economically and environmentally viable. On the other hand, energy efficiency can be used to reduce energy consumption. And by implication the size of the energy system needed to meet a particular load and the electricity bills/cost of energy (COE) [2] . Another advantage of energy efficiency is the reduction in emissions [13] .
The theoretical depth and the discussive length of renewable energy systems adoption have expanded tremendously. For example, Oyedepo et al. [11] presented a techno-economic model for the assessment of a hybrid renewable energy system for a rural community across six locations in Nigeria. They reported that the cost of energy (COE) varied directly as the value of the wind and solar irradiation received at the locations under study. Zahboune et al. [14] proposed a novel modified electric system cascade approach for designing a hybrid PV/wind energy system based on power pinch analysis. This approach was compared with results presented by hybrid optimization of multiple energy resources (HOMER) tool. There was a slight difference between the result of their approach and those of HOMER, for example, a difference of 0.07% in COE, 5.4% in excess energy and 0.04% in energy production was recorded. Fazelpour et al. [15] investigated the viability of replacing diesel generator in hybrid energy system with hydrogen powered generator in five different configurations for a residential application. Their study reported that the most economically viable hybrid renewable energy system (HRES) configuration is the wind-diesel-battery-power converter-electrolyzer. Yilmaz and Dincer [16] optimized a hybrid PV-battery-diesel energy system for an off-grid holiday inn in Turkey. In a bid to obtain the maximum energy output for a grid connected PV system, Al Garni et al. [12] investigated various PV array tracking configurations for electricity generation-the configurations considered include: horizontal-axis with daily adjustment, two axis, horizontal-axis with monthly adjustment, horizontal-axis with continuous adjustment, horizontal-axis with weekly adjustment, and vertical-axis with continuous adjustment. Their analysis shows that the two axis configuration returned the highest power. Krishan and Sathans [17] , presented a similar study whose results was identical to the one reported by Al Garni et al. [12] . The study by Diemuodeke et al. determined the optimal locations for siting PV-wind-diesel-battery system across Nigeria [18] . Akinbulire et al. [2] considered the influence of demand side management on the sizing of HRES for a rural community in Nigeria. Rezzouk and Mellit [19] investigated the effects of various level of PV penetration on the techno-economic features of PV-diesel-battery HRES. The authors concluded that the compromise between PV penetration efficiency, energy cost and the system stability can be achieved at 25 % PV penetration. Table 1 shows the summary of some literature considered in this study. Table 1 shows that the most considered aspects in HRES literature is the technical and economic implications. This is followed by emission analysis. However, reliability, energy efficiency and the use of multiple criteria in system ranking have received low research focus. Table 1 . Summary of relevant literature.
Reference Technical Economic Emission Energy Efficiency MCDM Reliability
Oyedepo et al. [11] X X Yahya et al. [20] X X X Chowdhury et al. [21] X X X Zahboune et al. [14] X X Fazelpour et al. [15] X X X Yilmaz, and Dincer [16] X X X Al Garnia [12] X X Mandal et al. [22] X X X Sen and Bhattacharyya [23] X X X Diemuodeke et al. [18] X X X Rezzouk and Mellit [19] X X X Akinbulire et al. [2] X X X X Farahi and Fazelpour [24] X X X Goudarzi et al. [25] X X X Babatunde et al. [3] X X X Diemuodeke et al. [26] X X X X Ighravwe et al. [27] X X X Akinyele et al. [28] X X X X Adaramola et al. [29] X X Ajayi et al. [30] X X Ali et al. [31] X X X Amadou et al. [32] X X X Tae et al. [33] X X Present study X X X X X X Based on literature search, many case studies concentrate on national [34] , regional [35] and rural communities scale [2, 11, 12, 16, 18, 20, 22, 23, 26, 28, 36] with only a few research efforts directed at low-income households. Furthermore, the effect of energy efficient practices on the techno-economic and environmental features of HRES have not been comprehensively investigated (see Table 1 ). Apart from these, it has also been reported that many HRES were not able to adequately address the challenges faced by energy consumers especially in the Global South, in the past because the choice of these HRES alternatives were solely based on a single criterion: either the technical or economic [37] [38] [39] . As such, the selection and ranking of HRES alternatives based on multiple criteria have not been comprehensively considered in household applications. Criteria that relate to socio-cultural practices, environmental requirements, enabling policies [40] and so on, are also very important in the selection and ranking of suitable HRES alternatives. As a contribution to the existing literature, this study presents a techno-economic optimization and emission analysis of HRESs using energy efficient loads in a typical low-income household. It further presents a multi-criteria method for the selection of the most suitable HRES obtained from the optimization process. The techno-economic optimization of the HRES is carried out using HOMER while the multi-criteria analysis is carried out using the Criteria Importance Through Intercriteria Correlation (CRITIC) and Technique for Order of Preference by Similarity to the Ideal Solution (TOPSIS) methods. Our results suggest that energy efficiency can reduce the overall costs of HRESs, the cost of energy as well as the emission attributed to such systems. Furthermore, the use of multiple criteria in the selection of HRES can re-order the ranking of the HRESs returned using a single criterion.
The rest of this paper is structured as follows. Section 2 presents the data and the method adopted in this study. Section 3 presents the results along with the discussions, while Section 4 provides the conclusions drawn from the study.
Materials and Methods
The methodology adopted in this study is divided into three stages ( Figure 1 ). The first stage deals with the evaluation of the energy demand, energy resource, as well as the technical and cost details of the components. These details serve as the major inputs into HOMER, a software capable of performing modelling, simulation and sensitivity analysis of energy system (renewable and conventional). The second stage involves the use of HOMER to simulate and optimize the HRES alternatives. The selection and ranking of HRES at this stage is based on the total net present cost (TNPC). The last stage uses multi-criteria decision-making (MCDM) approach to rank the HRES alternatives based on multiple criteria (social, technical, economic, environmental, and policy).
Site Description and Resources Assessment
The HRES is proposed for a low-income residential apartment in Akoka (6.5270 • N, 3.3918 • E), Lagos state, Nigeria ( Figure 2 ). Lagos is an energy-hungry city because it is a major commercial hub in Nigeria. The selected location receives considerable wind and solar irradiation resource. Just like most locations in Nigeria, the area under consideration receives less than 8 h of constant electricity supply daily. Furthermore, residents experience incessant black out due to utility grid breakdown, vandalization of facilities, inadequate maintenance, and natural factors (rain, storm etc.). In order to meet daily electricity needs, many resident make use of captive gasoline/diesel powered generators [41, 42] . The use of captive generators is not cost effective and environmentally-friendly. Perpetual increase in the fuel pump price and its scarcity are also major setbacks credited to this approach of electricity generation. In the past, the fumes from these generators has been reported to cause deaths and many health hazard.
The average 22 year solar radiation and wind speed data for the location considered in this study was obtained from the NASA website [43] (Figures 3 and 4 ). According to Figure 3 , the peak solar radiation was experienced in February and March while the lowest solar radiation was experienced in the month of August. The monthly average wind speed shows that the highest wind speed (3.49 m/s) was experienced in August while the lowest (2.62 m/s) was in October (Figure 4 ).
System Modelling
The simulation and optimization of the proposed HRES is carried out using Hybrid Optimization of Multiple Electric Renewables (HOMER). HOMER software was used for the modeling, simulation, optimization and sensitivity analysis of grid connected and off-grid energy systems for diverse applications. In order to simulate an energy system, HOMER performs an annual energy balance calculation with a simulation time step of one hour (8760 h). On an hourly basis, it compares the energy demand (thermal and electric) to the hourly energy generated by the system. In order to obtain the energy balance, it performs calculations of energy exchange among the system components. This calculation is carried out for different energy system alternatives. For energy systems with fuel-fired power generator(s) and battery storage system, HOMER also specifies for every hour of the year, the operational strategies behind the use of the generator(s) as well as the scheme for the charging and discharging of the battery bank. Feasible systems that can meet the energy demand under the various constraints specified are identified and the system costs till the end of the project life are calculated. The components that make up the project costs include: investment, operations and maintenance, fuel cost, replacements and interest. Penalties for capacity shortage and emissions can also be included in the evaluation process.
After the simulation process, all feasible system alternatives that satisfies the specified constraints are sorted, categorized and ranked based on the total net present cost (TNPC). The energy system with the least TNPC is considered as the best. The techno-economic input to HOMER include: daily energy demand, renewable energy resources, capital, replacement, operation and maintenance costs, technical details of components and operational constraints. These inputs are discussed in the next sub-sections. Outputs from HOMER include component sizes, TNPC, levelised cost of energy (LCOE), unmet energy, capacity shortage, excess energy productions, renewable fraction (RF), and annual emissions among other.
Energy Efficiency Techniques (EETs)
Energy efficiency is a form of demand side management techniques. It involves techniques aimed at reducing the quantity of energy required to drive a service or finish a product. By doing so, the available and planned energy resources are optimized and saved for the use of future generations. Some of these methods include: adequate insulation and ventilation in homes, use of energy efficient lamps, use of energy star products, etc. The adoption of energy efficiency can reduce energy consumption and increase renewable energy penetration [44] . It can also reduce cost of energy and emissions. In order to evaluate the efficacy of a DSM technique, two basic indices are typically used. The first one (demand side management quality index [DSMQI]) accesses the technical benefit, while the second index (demand side management appreciation index [DSMAI]) evaluates the economic benefit. Equations (1) and (3) are used to evaluate DSMQI and DSMAI, respectively [45] .
If the values of kW NDSM and kW DSM are greater than 1, it is an indication that the DSM measure adopted is beneficial; the higher the value, the higher the advantage of the DSM activity.
where kW NDSM , kW DSM , COE NDSM , and COE DSM are energy demand with DSM, energy demand without DSM, cost of energy with DSM, and cost of energy without DSM, respectively.
Energy Demand Assessment
For the purpose of this study, a low-income household is considered for HRES electrification. Usually, a modest low income-household consist of a living-room, a bedroom, a kitchen and one or two restroom ( Figure 5 ). The number of occupants varies between one and four. The energy demand profile of a typical low-income household (in Nigeria) is presented in Figure 6 . In order to elucidate the advantage of energy efficient energy-consuming home gadgets, this study considered two load scenarios: energy demand without energy efficient energy-consuming devices and energy demand with energy efficient energy-consuming devices. It is assumed that a capital cost of $2000 would be incurred for the retrofit of inefficient energy gadgets-the replaced gadgets are lighting bulbs, ceiling fans, television, and pressing iron. The hourly energy consumption is estimated using Equation (4). Table 2 shows the gadget, power rating, energy consumption, and daily duration of consumption for both scenarios mentioned above. Without retrofitting, it is observed that lighting consumes the highest energy (36%) while equipment such as blender, phone, television and cable decoder consumes the least energy. After retrofit, the lighting consumes only 10% of the total energy while the refrigeration consumes the highest (Figure 7 ). The demand profile shows that the peak periods of the energy demand occur around 5 a.m. and 6 a.m. as well as 7 p.m. and 10 p.m. The first peak is associated with preparation for daily work by residents while the second peak can be attributed to the resident retiring from their daily work and make use of electricity for various domestic needs. Since residents are not usually around between 7 a.m. and 6 p.m., the energy consumption is minimal.
where P Load is the power rating of a connected load, m Load is the duration for operating a connected load and n Load is the number of a particular connected load. 
Cost and Technical Specifications
Based on the energy resource available at the study location, a system consisting of photovoltaic panels (PV), wind turbine, gasoline generator and battery bank is proposed ( Figure 8 ). The cost and technical details of the components used are presented in this subsection. The lifespan of the project is assumed to be 25 years while the annual real interest rate is taken as 6%. Given below are the specific cost and technical detail of the various system components.
Photovoltaic panel: The investment cost of the PV panel is taken to be $4250 for a kW, while the replacement cost and operation and maintenance cost is assumed to be $4200/kW and $0/year, respectively. The size of the solar panel considered is between 0 and 5 kW, with a lifespan of 25 years. The output of the PV panel is assumed to be DC with no tracking system, with a derating factor of 80%, and ground reflectance of 20%. Wind turbine: A 3 kW DC wind turbine whose capital cost and replacement costs are assumed to be $1200 and $1100, respectively, is specified. It is also assumed that the wind turbine will last for 25 years, and it will cost $20 to maintain it annually. The wind turbine is assumed to be installed 25 m above the sea level. The search space (turbine number) considered is between 0 and 3.
Gasoline generator: A 2.6 kW generator with a capital cost of $1000 is specified. The software then interpolates or extrapolates this value to obtain the cost for the generator specified in the optimal system. The operation and maintenance cost of the generator is fixed as 0.04 $/h. The replacement cost of the gasoline generator is $1000 and its lifespan is 15,000 h. Other parameters specified for the generator include: minimum load ratio of 30%, intercept coefficient of 0.08 L/h/kW rated, and slope of 0.25 L/h/kW output. The search space considered include: 0.4, 0.5, 0.75 and 1 (kW), respectively.
Battery bank: The battery considered is assumed to be 4 V, 1900 Ah with a capital and replacement of $269 and $260 respectively. The number of batteries considered is between 0 and 40, with a life-span of 4 years. In order to maintain each battery, a consumer is expected to spend $5 annually.
Converter: The cost of a 3 kW converter is taken to be $200, with a replacement cost of $225. Other parameters include: Operation and maintenance cost-1$/year, inverter efficiency-90%, rectifier efficiency-85% and lifespan-15 years. The sizes considered include 0, 1, 2, 3, 4 (kW).
Emission factors: In order to estimate the quantity of emissions, various values of emission factor has been used in the literature [3, 46] . For the purpose of this study, the values in Table 3 were adopted. 
Reliability
There are usually situations where consumer's energy demand requirements would not be met by the proposed energy system. This may be due to insufficiency in energy resources. Such circumstance will led to a loss of power which in turn result in consumer's load not been served at such moment. This study uses a loss of energy probability (LOEP)-Equation (5) and a availability (Equation (6)) indices to evaluate the reliability of the proposed systems.
Multi-Criteria Decision Analysis: TOPSIS
Multi-criteria decision making methods (MCDMs) are typically used for ranking and identifying the best alternative in the presence of multiple criteria and attributes. Some of these include WSM, WPM, WASPAS, AHP, ELECTRE, PROMETHEE, VIKOR, COPRAS, TOPSIS [35, [47] [48] [49] . For this study, TOPSIS method is applied due to its rationality, comprehensibility, computational efficiency, ease of application, and simple expressions that interconnects the relative performance of the highlighted alternatives [50] . Another advantage is that the number of alternatives and criteria it can handle is not limited. However, one major drawback of this method is problem of ranking reversal. This means that the final ranking can change as soon as new alternatives are included in the model [51] . The categorized optimal HRES alternatives returned by HOMER are only ranked based on the TNPC. By applying the MCDM, other criteria (technical, environmental, social) and attributes are included to select the best alternative. This study uses Technique for Order of Preference by Similarity to the Ideal Solution (TOPSIS) for the multi-criteria decision making.
CRITIC
The CRITIC approach proposed by Diakoulaki [52] is used in determining the weights allocated to the criteria. In order to implement CRITIC, the first step is to estimate the standard deviation σ j of the j-th criteria using Equation (7) .
wheren x j represents the mean of the j-th criteria. The next step is to calculate the conflict between the j-th criterion and the other criteria using Equation (8).
where the coefficient of correlation j,k between the j-th and k-th criteria is determined by using Equation (9) .
where:
A higher value of j,k is an indication of higher positive correlation between two criteria, while a greater value of R j is an indication of lower positive correlation between the j-th criteria and others [53] . Lastly, the weight of the criteria can be calculated using Equation (11) .
TOPSIS
The governing principle behind TOPSIS allows that the best alternative should have the least distance from the ideal solution and the longest from the negative-ideal solution. Detailed analysis of the TOPSIS method is available in the literature [18, 26, 27, 54] ; however, the basic steps are presented as follow:
Step 1-identification and definition of attributes
Step 2-establishment of an initial decision matrix (x ij ) m×n with m alternatives, n criteria with scores assigned to every attribute of all alternatives.
Step 3-normalization of matrix (x ij ) m×n to obtain R = (r ij ) m×n using Equation (12).
Step 4-construction of the weighted normalized decision matrix
so that
and W j is the original weight given to the indicator v j , j = 1, 2, ..., n
Step 5-determination of the positive ideal and negative ideal solution
A − = { min(t ij |i = 1, 2, ...m)|j ∈ J − , max(t ij |i = 1, 2, ...m)|j ∈ J + } ≡ {t ij |j = 1, 2, ...m} (17) where J + = {j = 1, 2, ...n|j} related to the criteria with positive impact, and J − = {j = 1, 2, ...n|j} related to the criteria with negative impact.
Step 6-calculation of the separation measure
Step 7-calculation of the relative closeness to the ideal solution
Results and Discussions

Optimal System Comparison with and without EET (Single Criterion)
The categorized optimization results (based on least TNPC) for the HRES without and with EET are presented in Tables 4 and 5 , respectively. From the result presented in Table 5 , the optimal HRES without the application of EET consist of a 1 kW PV panel, 0.75 kW gasoline generator and 6 batteries. The capital cost, TNPC and COE of this system are $2900, 14,230 and 0.316 kWh/year, respectively. This system has the capability to achieve a 33% renewable fraction annually with the gasoline generator operating for 3931 h annually. This means that the gasoline generator will emit about 2479 kg of CO 2 every year. The second best HRES on the list is a PV/WD/BAT system with a TNPC of $18,568 and 52% RF. Other HRES include PV/BAT with a TNPC and RF of $18,652 and 100% respectively, WD/GEN/BAT with a TNPC and RF of $19,213 and 25% respectively and PV/WD/BAT with a TNPC and RF of $22,350 and 100% respectively. As regards the economic profitability, only the optimal system (PV/GEN/BAT) performed better than the present gasoline generator been used by majority of the residents. It is the only HRES that returned a feasible present worth, annual worth and discounted payback (DPB). This means that, the PV/GEN/BAT is the only economically viable HRES that can replace the use of gasoline generator for a scenario where the connected loads are not energy efficient.
When EET is applied to the residential loads, the optimal HRES that will meet the energy demand of the residential apartment is also a PV-generator-battery system but with lower generator size and higher PV capacity. The rating of the components include: PV-2 kW, generator-0.4 kW, and 6 batteries. The initial investment (inclusive of equipment retrofits) for acquiring this system is $5807, while the TNPC and COE is $6919 and 0.28 $/kWh, respectively. The renewable fraction (RF) for this HRES is 97% with gasoline generator operating for only 367 h in a year while emitting 83.2 kg of CO 2 annually. The other HRES alternatives returned with EET application (ranked based on TNPC) include PV/BAT with a TNPC of $7738 and RF of 100%; PV/WD/GEN/BAT with a TNPC and R.F of $11,087 and 95% , respectively; PV/WD/BAT with a TNPC and RF of $11,766 and 100%, respectively; PV/GEN with a TNPC and RF of $11,778 and 39% respectively; and WD/GEN/BAT with a TNPC and RF of $12,752 and 43% respectively. Out of these HRES alternatives, the PV/GEN/BAT (optimal system) has the least discounted payback period of slightly less than 5 years. If the gasoline generators presently used by many of the residents are replaced by the PV/GEN/BAT, this means that in less than 5 years, the initial capital cost spent in putting up the system will be recovered. Furthermore, the PV/GEN/BAT HRES performed better than the other alternatives with regards to present worth, annual worth, return on investment (ROI) and Internal rate of return (IRR). These are indicators of the superior economic feasibility and profitability features of the PV/GEN/BAT HRES.
Altogether, when the optimal HRES system returned with and without the application of EET are compared, the optimal system with EET applied was able to achieve 100.24% increase in initial capital, 51.38% decrease in TNPC, 11.90% decrease in COE, 96.61% decrease in CO 2 emission and 193.94% increase in renewable fraction. The values of DSMQI (1.81) and DSMAI (1.19) shows that the EET technique applied is technically and economically viable and beneficial.
The reliability results for the optimal systems without the application of EET show that the load will only be lost for less than 3 h annually (Table 6 ). However, when EET is applied, the optimal system will be out of service for approximately 3 days annually. The reliability values for the rest of the HRES is presented in Table 6 . The HRES that is used to serve the load without EET performed better in terms of the reliability. This is due to the fact that the diesel generator produce more energy to support the system when EET is not applied. n/a n/a n/a n/a 
Multi-Criteria Decision Analysis
Traditionally, the choice of optimal HRES is based on a single criterion-TNPC or life cycle cost. However, a system with the least TPNC might not be the most suitable choice if other relevant criteria are considered. In order to re-evaluate the most suitable choice of HRES for the household in the presence of multiple criteria, TOPSIS method is employed. As presented in Section 3.1, HOMER returned six HRES alternatives when EET was applied to the residential load. TOPSIS method is used to evaluate and rank these systems in order to obtain the most suitable HRES for the household. This selection is based on technical, economic, environmental and social criteria, with various attributes.
The initial decision matrix has six HRES alternatives and fourteen attributes ( Table 7) . The values attached to these attributes are obtained from HOMER simulations (see Table 5 ) and experts' opinion. They include attributes that relate to social, technical, economic, emission as well as policy. Table A1 (Appendix A) presents the normalized decision matrix based on Equation (12) while Table A2 presents the weighted normalized matrix based on Equations (13)- (15) . Table A3 presents the positive and negative ideal solution based on Equations (16) and (18) . Table 8 presents the relative distance of each solution from the positive and the negative ideal solution based on Equations (19) and (20) for each alternative. The HRES with a relative closeness value closest to 1 is considered as the best alternative, while the one furthest from 1 is considered the worst alternative. Table 7 . Initial decision matrix. Results from the multi-criteria decision making analysis indicates that PV/GEN/BAT with a relative closeness of 0.734 is the most suitable HRES. This is the same HRES alternative that is identified as the optimal based on single criterion of TNPC. The second best system is PV/BAT energy system, with a relative closeness of 0.654; this is followed by PV/WD/GEN/BAT, with a relative closeness of 0.637. The fourth ranked HRES is the PV/WD/BAT HRES, with a relative closeness of 0.605. In the fifth place is WD/GEN/BAT system, with a relative closeness of 0.493 while the PV/GEN energy system, with a relative closeness of 0.302 is ranked worst. A comparison between the system ranking with a single criterion and with multiple criteria is presented in Figure 9 . Except for the last two systems on the list returned by the TOPSIS method, all other systems produced the same ranking when compared with the ranking returned by HOMER (single criterion).
PV/GEN/BAT PV/BAT PV/WD/GEN/BAT PV/WD/BAT PV/GEN WD/GEN/BAT
The cash flow details for the most suitable HRES based on multi-criteria decision analysis is presented in Figure 10 . The initial investment cost of putting up the system is $5807. The initial cost of this project consists of the purchase price of the various components which make up the system; its breakdown shows that the PV panels accounts for about 38.7% ($2250) of the capital cost. This is followed by cost of energy efficiency activities-$2,000; battery bank-$1320; gasoline generator-$154 and converter-$ 83. The battery bank will be replaced two times during the project lifespan (year 12 and year 24). However, the entire system can be sold for $1294.7 (salvage) at the end of the project life span of 25 years. The monthly energy production for the PV/GEN/BAT HRES is presented in Figure 11 . On the average, PV accounts for the 97% of annual energy production while gasoline generator accounts for 3%. Interestingly, the monthly energy production trend followed the solar radiation resource pattern. The highest electricity production occurred in the month of March and February, respectively. These are the months when the solar and wind resources are at their peak (see Figure 3 ). The gasoline generator contributed more energy in June, July, August and September because these months have the lowest solar resource. These are the months when the rainy season and cloudy weather is predominant in Nigeria. The breakdown of energy demand, electricity production and the state of charge (SOC) of the battery bank for a typical month in the dry season (February) and a typical month in the rainy season (August) is presented in Figures 12 and 13 , respectively. From Figure 12 , it can be seen that the gasoline generator operates for less hours in the month and on the average the battery SOC is above 50% at all times. This is because there is adequate PV output in February to serve the energy demand and to also charge the battery bank. In contrast, the use of gasoline generator is more frequent in August. Also, for most of the times, the battery SOC is at minimum depth of discharge (40%). These can be attributed to the cloudy weather conditions predominant in this time of the year, which causes the PV panels to produce low output.
A comparison of the best ranked HRES (PV/GEN/BAT) with the second best ranked HRES (PV/BAT) shows that PV/GEN/BAT exhibited better qualities in terms of TNPC and COE while the PV battery system has a lower operating cost. The PV/GEN/BAT also has a better attribute in terms of minimum unmet load capacity shortage and excess electricity production. Apart from these attributes, the PV/GEN/BAT is more reliable as compared to the PV/BAT energy system ( Table 6 ). On the other hand, the performance of the PV/BAT energy system is better than that of the PV/GEN/BAT in terms of the environmental implications because it exhibits 100% renewable fraction and zero emission during energy production. It is also easier to install and its resources are easily available at zero cost. It also has higher total electricity production which can be sold to the grid (if available). Although the PV/BAT system is greener as compared to the PV/GEN/BAT HRES, a major challenge that a typical low-income household will face in adopting PV/BAT HRES is the initial cost of installation. Low income households usually have a constrained budget for purchase of energy and may tend to choose the PV/GEN/BAT as against PV/BAT because it has the least economic implications. Their choice may also be aided by the fact that the present policy in Nigeria does not place emission penalties on the use of fossil fuel-powered generators. However, from the environmental point of view, the PV/BAT HRES will contribute to reduction in emission of greenhouse gases and encourage sustainable development. Figure 14 presents the battery state of charge (SOC) for both configurations. From this figure, the battery SOC for the PV/GEN/BAT energy system configuration is depleted to its minimum between late June and early September of every year. Furthermore, it could be observed that on the average, the battery for the PV/BAT energy system is well charged throughout the year and does not reach the minimum SOC. This is because in comparison to the PV/GEN/BAT system, the PV/BAT system has more PV panel capacity that produces more power output to charge the battery. 
Conclusions
Traditionally, the choice of HRES is usually based on a single criterion-total net present cost. However, a single criterion may not be sufficient to ensure sustainability and a well informed choice. In order to address this issue, this paper presented a viability analysis of HRES adoption for a typical low-income household based on multiple criteria. It also explored the effects of energy efficiency techniques on the features of the optimal system that will serve the proposed low-income household. This study explored the use of gasoline, wind as well as solar resource under various configurations for meeting the energy needs of a low income household. This study adopted standard off-grid power system methodologies offered by HOMER software, relevant standards, a MCDM tool (TOPSIS) and relevant literature for the simulation, optimal sizing, and selection of the most suitable HRES for the low-income household. Furthermore, a daily energy consumption profile suitable for a real-life low-income household is used to analyse the HRES. The technical analyses presented include: system capacities, battery state of charge, combined electricity production, renewable fraction and systems reliability. Examined in the economic analyses are: net present cost, investment cost, cost of energy, simple payback (SPB), present worth, return on investment and so on; while the emission analysis is carried out for environmental purpose. Although there are very few studies related to this present study, the results of the optimal HRES configuration observed in this study is consistent with the one reported by Olatomiwa et al. [55] for a similar location in Lagos state, Nigeria. The main outcomes of the study are as follows:
•
As expected, energy efficiency reduced the energy demand of the household. The reduction will consequently improve the techno-economic and emission output during the optimization and sizing of HRES. For example, for the proposed household, a reduction of 44.6% in energy demand through EET will lead to; 51.38% decrease in TNPC, 11.90% decrease in COE, 96.61% decrease in CO 2 emission and 193.94% increase in renewable fraction. This, however, comes at a 100.24% increase in initial capital.
The most suitable alternative that will serve the energy requirement of the low-income household considered based on a single criterion and multiple criteria is a PV/GEN/BAT HRES. It exhibited better performance in terms of initial investment cost, TNPC, COE, discounted payback, ROI, IRR, present worth and annual worth.
The adoption of multi-criteria approach for the selection of HRES can reorder the ranking of HRES returned, based on a single criterion. For example, in this study, the WD/GEN/BAT HRES was ranked as the least viable (6th) and the PV/GEN was ranked 5th based on single criterion. However, the ranking based on multiple criteria ranked WD/GEN/BAT HRES 5th and PV/GEN as 6th.
The study has been able to elucidate the importance of applying energy efficient activities in households prior to the sizing of HRES. It will lead to reduction in the cost of energy and the capital cost spent on deploying HRES. This will ease the financial burden of adopting HRES. Energy efficient activities will also lead to reduction in emission; thereby slowing down climate change. Apart from this, it will reduce the amount of toxic fumes that energy consumers are exposed to, thereby lowering the risks of health related challenges. This study has also shown that it is important to consider multiple criteria when selecting the best energy alternatives. This is expected to produce a more robust result that may be different from the use of a single criterion. The effects of various sources of uncertainty on the features of the HRESs has not been considered in this study. It will be interesting to consider the effects of change in fuel pump price, meteorological data, interest rates and load demand on the technical features of the HRESs. Future research can also explore the application and comparison of other MCDM methods in the selection of the most suitable HRES. 
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Appendix A Table A1 . Normalized decision matrix. 
Criteria Weight
HRES Alternatives
PV/GEN/BAT PV/BAT PV/WD/GEN/BAT PV/WD/BAT PV/GEN WD/GEN/BAT
